Background and objectives Numerous uremic solutes are derived from the action of colon microbes. Two such solutes, indoxyl sulfate and p-cresol sulfate, have been associated with adverse outcomes in renal failure. This study tested whether increasing dietary fiber in the form of resistant starch would lower the plasma levels of these solutes in patients on hemodialysis.
Introduction
Numerous solutes are derived from the action of colon microbes on peptides that escape digestion in the small intestine (1) . Many of these solutes are excreted by the kidneys and accumulate in the plasma when the kidneys fail (2) (3) (4) (5) . Two such uremic solutes, indoxyl sulfate and p-cresol sulfate, are derived from the action of colon microbes on tryptophan and phenylalanine/tyrosine, respectively. High levels of these compounds have been associated with vascular injury and mortality in patients with renal failure, and experimental studies have provided further evidence that they are toxic (6) (7) (8) (9) (10) .
Because indoxyl sulfate and p-cresol sulfate are bound to plasma proteins, they are poorly cleared by hemodialysis (11) . An alternate means to lower their plasma levels is to reduce their production. The production of solutes by colon microbes may prove simpler to suppress than the production of other uremic solutes because they are made in an isolated compartment by processes foreign to mammalian metabolism. One potential means to suppress the production of such solutes is to increase dietary fiber intake (12, 13) . The term "fiber" comprises a variety of carbohydrates and related substances that are resistant to digestion in the small intestine (14) . Colon microbes can break fiber down to short-chain fatty acids that provide energy to the host and for microbial growth (3) . Increased fiber delivery to the colon may cause the microbes to utilize amino acids for growth, rather than convert them to uremic solutes. In addition, fiber may alter the colon's microbial population in such a way as to decrease the production of undesirable solutes. Fiber may also reduce the colon transit time available for microbial metabolism (15) (16) (17) . This study tested whether providing fiber in the form of resistant starch to hemodialysis patients would reduce their plasma levels of indoxyl sulfate and p-cresol sulfate.
Materials and Methods
A single-blinded prospective randomized trial compared the addition of resistant starch, a form of fiber, and digestible control starch to the diets of patients on hemodialysis. The study was conducted between October 2010 and May 2013 at two university-affiliated and four community-based hemodialysis facilities in northern California. The study (ClinicalTrials.gov NCT01186276) was approved by the institutional review board at each participating site and was conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from all participants.
Patients were recruited if they were aged .18 years and were stably maintained on outpatient hemodialysis. Patients were excluded if they had a measured residual urea clearance .2 ml/min or if they reported significant urine production, had active gastrointestinal disease, had used antibiotics within 4 weeks, had a record of skipping or shortening their hemodialysis treatments, or if changes in their hemodialysis prescription were planned.
Permuted-block randomization was utilized to assign patients to fiber or control starch. Fifty-six patients were randomized, with 28 assigned to the fiber group and 28 to the control group. As illustrated in Figure 1 , 20 patients in each group were included in the final analysis. Two patients who were randomized to the control starch dropped out because of side effects (one due to bloating and the other due to loose stools). No patients in the fiber group dropped out due to side effects. Excluded patients either started antibiotics, missed a dialysis treatment within 1 week of the final sample collection, missed .3 days of supplements, or had undetectable solute levels.
Fiber and control supplements were provided as white powder in identical sachets and were supplied by Ingredion Incorporated (Bridgewater, NJ). Fiber sachets contained 15 g of high-amylose corn starch (Hi-maize 260), composed of approximately 40% digestible starch and 60% resistant starch, which being resistant to digestion is a form of fiber. Control sachets contained 15 g of waxy corn starch (AMIOCA), a high-amylopectin starch that is almost entirely digestible. The estimated energy provided by control sachets (60 calories per sachet) was only slightly higher than that provided by the fiber sachets (45 calories per sachet). Sachets were delivered to patients weekly and empty sachets were collected to assess compliance. Dialysis prescriptions, predialysis weights, and gastrointestinal symptoms including gas and loose stool were recorded weekly. Patients were instructed to mix the supplements in either liquid or food. They took the supplements for 6 weeks, consuming one sachet daily for the first week followed by two sachets daily for the remainder of the study. Five patients in the fiber group and five patients in the control group decreased consumption to one sachet per day for 3-5 weeks due to flatulence or loose stools.
Predialysis blood samples were obtained at baseline and week 6. Free solute levels were measured in plasma ultrafiltrate obtained using Nanosep 30K Omega separators (Pall, Ann Arbor, MI) and diluted 3-fold before analysis. Plasma samples were deproteinized 1:4 (vol/vol) with methanol and diluted 40-fold for measurement of total solute levels. Indoxyl sulfate and p-cresol sulfate were measured by stable isotope dilution liquid chromatography-tandem mass spectrometry as previously described (18) . Plasma urea nitrogen, albumin, prealbumin, C-reactive protein (CRP), and phosphate were measured by clinical laboratories. The Kidney Disease Quality of Life (KDQOL)-36 questionnaire was administered at the time of the blood collections at the beginning and end of the study. Urea nitrogen generation was calculated as the predialysis urea nitrogen level multiplied by the monthly urea reduction ratio and the estimated volume of distribution.
The effect of fiber was assessed by comparing the fractional changes in free solute levels from baseline to week 6 in the two groups using analysis of covariance. According to a prespecified plan, the significance level was set at P value=0.025 to allow each of the two primary solutes tested, indoxyl sulfate and p-cresol sulfate, to be considered independently. The fractional changes in plasma levels of urea nitrogen, albumin, prealbumin, CRP, and phosphate and KDQOL scores from baseline to week 6 in the two groups were also compared using analysis of covariance. Characteristics of the two groups in Table 1 were compared using the unpaired t test and the chi-squared test (for sex and diabetic status). Linear regression was utilized to relate the fractional changes in plasma free levels of indoxyl sulfate and p-cresol sulfate. Statistical analyses were performed using SPSS software (version 21.0).
Results
Characteristics of the 40 patients who completed the study are summarized in Table 1 . Age, sex, diabetic status, dialysis vintage, weight, body mass index, dialysis prescriptions, and monthly albumin and urea reduction values were not significantly different in the two groups. Nine patients in each group were obese with a body mass index .30 kg/m 2 . The types of dialyzers utilized were similar in both groups and did not change throughout the study.
Plasma levels for the colon-derived solutes indoxyl sulfate and p-cresol sulfate are summarized in Table 2 . In the patients randomized to the control starch, the levels of both solutes remained nearly constant. By contrast, in the patients randomized to increased fiber intake, the free level of indoxyl sulfate in the plasma was reduced by 27%639% and the free level of p-cresol sulfate was reduced by 24% 644% at 6 weeks. Because the baseline levels for both solutes were slightly higher in the fiber group than the control group, significance was assessed using analysis of covariance to eliminate possible effects of regression to the mean. The effect of fiber on the free levels of indoxyl sulfate was significantly different from that of control starch, whereas the change in the free levels of p-cresol sulfate did not reach statistical significance. There was a tendency for the free fractions to fall in the fiber group so that the total solute levels did not decline as much as the free solute levels. Figure 2 illustrates the relationship between the change in plasma free levels for indoxyl sulfate and p-cresol sulfate in individual patients. The change in the plasma free level of indoxyl sulfate was strongly correlated with the change in the plasma free level of p-cresol sulfate in individual patients in both the fiber (r=0.81, P,0.001) and control (r=0.94, P,0.001) groups and in the study population as a whole (r=0.76, P,0.001, not shown).
Other measurements are summarized in Table 3 . Body weight remained stable in both groups. Compared with the control group, the fiber group exhibited a tendency toward reduction of the plasma urea nitrogen (mean 2 7%628% for fiber versus 2 2%621% for control, P=0.62) and the plasma albumin as measured by the bromocresol purple assay (mean 24%66% for fiber versus 21%65% for control, P=0.12). The plasma albumin measured by nephelometry remained stable in both groups (mean 21.5%614% for fiber versus 21.3611% for control, P=0.79), whereas plasma prealbumin tended to decrease in the fiber group compared with the control group (mean 24%618% for fiber versus 9%619% for control, P=0.03). CRP levels were variable and no effect of fiber was apparent. Phosphate levels and total KDQOL scores remained stable.
The fiber supplement significantly reduced plasma free levels of indoxyl sulfate without causing gastrointestinal symptoms greater than those seen in control patients taking a similar amount of ordinary corn starch. Ten patients in the fiber group and 12 patients in the control group reported moderate gas. Six patients in the fiber group and eight patients in the control group reported transient loose stools. The two patients who dropped out of the study because of gastrointestinal symptoms were both taking the control supplement.
Discussion
Conventional dialysis provides limited clearance of organic solutes that accumulate when the kidneys fail. High plasma levels of these solutes presumably contribute to poor health outcomes in dialysis patients. Major efforts have therefore been directed toward increasing the frequency Data are presented as the mean6SD or median (25th percentile, 75th percentile). The significance of differences at baseline was assessed using the unpaired t test. The significance of the effect of fiber was assessed using analysis of covariance. Figure 2 . | The relation of indoxyl sulfate and p-cresol sulfate plasma free level changes in individual patients. The change in plasma free levels for indoxyl sulfate and p-cresol sulfate in individual patients was closely related for both the fiber and control groups. The patients receiving fiber are represented by circles (•) and the solid line (r=0.81, P,0.001) and the patients receiving control starch are represented by triangles (▲) and the dashed line (r=0.94, P,0.001). The changes in levels were also correlated in the study population as a whole (r=0.76, P,0.001, not shown).
and/or duration of treatment and to increasing solute clearances during treatment (19, 20) . A possible complementary means to improve dialysis treatment is to suppress solute production. A large number of uremic solutes are derived from the action of colon microbes (2-5). Recent studies have delineated the size and complexity of the colon's microbial population or "microbiome" (21, 22) . The microbiome exists in synergy with the human host, providing energy and nutrients and enhancing immune responsiveness (16, 21, 22) . However, the microbiome also produces numerous waste solutes that are normally excreted by the kidney (2-4) .
Indoxyl sulfate and p-cresol sulfate are the two most extensively studied solutes derived from colon microbes. Considerable evidence suggests that they are toxic (6-10). Because they are .90% bound to plasma proteins, their dialytic clearance is low and they accumulate to high levels in the plasma of hemodialysis patients (11, 18) .
One potential means to reduce the production of solutes derived from colon microbial breakdown of amino acids is to increase dietary fiber (12,23) . Fiber was first utilized in patients with renal insufficiency as an adjunct to dietary protein restriction (24) (25) (26) . It was known that fiber increases the bulk of the stool, which consists largely of microbes. It was hypothesized that incorporation of nitrogen into microbial proteins would reduce the production of "nitrogenous wastes" normally excreted in the urine and would thereby alleviate uremic symptoms and slow disease progression. Plasma levels of urea, the only solute measured in these studies, were shown to decline when fiber intake was increased. Studies in patients without renal disease, however, previously showed that increasing dietary fiber could also limit the production of p-cresol and phenol, which were under consideration as causes of colon cancer (27) . Meijers et al. (12) subsequently showed that increasing fiber intake could reduce production of p-cresol in patients with renal failure. They supplemented the diet of hemodialysis patients with fiber in the form of oligofructose-enriched inulin. A dosage of 10 g daily for the first week followed by 10 g twice daily for the next 3 weeks reduced the production and plasma level of p-cresol sulfate by 20% but had no effect on indoxyl sulfate. Data are presented as the mean6SD, n, or median (25th percentile, 75th percentile). The significance of differences at baseline was assessed using the unpaired t test. The significance of the effect of fiber was assessed using analysis of covariance. CRP, C-reactive protein; KDQOL-36, Kidney Disease Quality of Life Short Form 36. a Six CRP values were ,0.1 mg/dl (the limit of quantitation), but no participant had a value ,0.1 mg/dl at both baseline and week 6. b One patient in the fiber group and four patients in the control group did not complete the KDQOL-36 at the end of the study.
This study further tested the effect of increasing dietary fiber in hemodialysis patients. Fiber was given in the form of resistant starch, which has higher molecular weight than oligofructose-enriched inulin and other oligosaccharide forms of fiber. Fermentation of fiber in the colon produces gases including hydrogen and methane, which cause flatulence as observed by Meijers et al. (12) . A potential advantage of resistant starch is that slower fermentation may limit flatulence and other gastrointestinal side effects (28) . Using a randomized design, we found that resistant starch reduced free indoxyl sulfate levels at a dose which did not increase gastrointestinal symptoms above the level seen with a control starch.
The types and amounts of solutes produced in the colon depend upon the composition of the microbiome, which in turn is affected by diet (22, 29, 30) . Indole and p-cresol, the precursors of indoxyl sulfate and p-cresol sulfate, are thought to be produced by different microbes, and prior studies have shown limited correlation between the generation rates of indoxyl sulfate and p-cresol sulfate both in healthy participants and hemodialysis patients (31, 32) . We found, however, that the changes in indoxyl sulfate and p-cresol sulfate in response to dietary fiber were closely related, as depicted in Figure 2 . Because the patients' prescriptions did not change, the dialytic solute clearances remained constant and the changes in plasma levels presumably reflected changes in generation. This suggests that although the generation of indoxyl sulfate and p-cresol sulfate is not linked chemically, their production was suppressed to the same degree. In assessing the effect of fiber, we believe that the changes in the free concentrations of indoxyl sulfate and p-cresol sulfate are more important than the changes in the total concentrations. First, we presume that it is the free concentration that is available for interaction with body tissues. This presumption is strongly supported by studies of pharmaceutical agents (33, 34) . Second, modeling indicates that for solutes that are largely bound to plasma proteins, the removal rate during dialysis is more closely proportional to the free solute concentration than the total solute concentration (35, 36) . In this study, the free fractions of both indoxyl sulfate and p-cresol sulfate tended to decline in the fiber group compared with the control group, so that the total solute levels fell less than the free solute levels. This increase in protein binding can be explained by a reduction of solute burden resulting in less competition for binding sites on albumin (37, 38) . Fiber may have reduced the overall bound solute burden by reducing the production of solutes other than indoxyl sulfate and p-cresol sulfate, which bind to albumin.
We did not analyze the composition of the colon microbiome in this study. Recent studies suggested, however, that the microbiome is altered in dialysis patients (39, 40) . It has been suggested that an altered microbiome in renal disease may not only be responsible for the production of uremic solutes, but may also cause increased intestinal permeability leading to translocation of bacteria and endotoxins, thereby promoting systemic inflammation (23, 39) . We did not observe an effect of fiber on CRP levels, which were quite variable.
Previous studies suggested that increasing fiber intake can reduce plasma urea levels in patients with renal failure by causing a larger portion of ingested nitrogen to be excreted as microbial proteins in the stool (12, (24) (25) (26) (27) . A significant reduction in plasma urea levels between the fiber and control groups was not detected, but power to detect such a change was limited. We presume there was an increase in stool volume in the patients taking the fiber although the two groups reported no difference in symptoms.
In addition to fiber, other manipulations may reduce production of colon-derived uremic solutes (2, 3, 23) . The charcoal sorbent AST-120 reduces absorption of indole into the body and thereby reduces production of indoxyl sulfate (41) . The a-glucosidase inhibitor acarbose reduces p-cresol production by preventing digestion of carbohydrates in the small intestine and thus increasing carbohydrate delivery to the colon (42) . Probiotics may alter the microbiome so as to reduce the production of undesirable compounds.
Malnutrition is a potential concern with any dietary intervention. We first measured plasma albumin using the bromocresol purple method routinely utilized by our clinical laboratory. This assay is based on the color change that occurs when the dye bromocresol purple binds to albumin. However, dye-binding assays may be affected by the accumulation of uremic solutes (43) . We therefore further evaluated plasma albumin using nephelometry, an immune-based assay, and found no effect of diet on the levels. Prealbumin, however, was slightly reduced in the fiber group compared with the control group. This finding suggests the need for nutritional monitoring in further studies of fiber supplementation in dialysis patients. Of note, high dietary fiber intake was recently found to be associated with decreased mortality in patients with CKD (44) .
In conclusion, we found that fiber reduced the plasma free level of the colon-derived solute indoxyl sulfate with no gastrointestinal symptoms greater than those seen in control patients taking a similar amount of corn starch. Because this control supplement is easily digestible and does not reach the colon, we presume the gastrointestinal symptoms reported by our patients were not caused by the supplements. We therefore suspect that we might have achieved a greater reduction in solute levels by administering a higher dose of resistant starch without excessive side effects. Our study has limitations. We could not perform an intention-to-treat analysis because solute measurements were not made at 6 weeks for most of the patients who did not complete the study. Our study was small, and more precise assessment of the effect of fiber on solute levels would require inclusion of larger numbers of participants. A larger and longer study would also be required to demonstrate that increasing fiber intake provides clinical benefit. However, given that average fiber intake is low in hemodialysis patients, fiber supplementation provides an appealing potential means to improve their health (45) . 
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